ABSTRACT Papillomaviruses are small, double-stranded DNA viruses that encode the E2 protein, which controls transcription, replication, and genome maintenance in infected cells. Posttranslational modifications (PTMs) affecting E2 function and stability have been demonstrated for multiple types of papillomaviruses. Here we describe the first phosphorylation event involving a conserved tyrosine (Y) in the bovine papillomavirus 1 (BPV-1) E2 protein at amino acid 102. While its phosphodeficient phenylalanine (F) mutant activated both transcription and replication in luciferase reporter assays, a mutant that may act as a phosphomimetic, with a Y102-toglutamate (E) mutation, lost both activities. The E2 Y102F protein interacted with cellular E2-binding factors and the viral helicase E1; however, in contrast, the Y102E mutant associated with only a subset and was unable to bind to E1. While the Y102F mutant fully supported transient viral DNA replication, BPV genomes encoding this mutation as well as Y102E were not maintained as stable episomes in murine C127 cells. These data imply that phosphorylation at Y102 disrupts the helical fold of the N-terminal region of E2 and its interaction with key cellular and viral proteins. We hypothesize that the resulting inhibition of viral transcription and replication in basal epithelial cells prevents the development of a lytic infection.
P apillomaviruses (PVs) are nonenveloped, double-stranded DNA viruses with circular genomes of ϳ8 kb. This compact genome harbors 8 major genes, including 6 early genes (E1, E2, E4, E5, E6, and E7) and 2 late genes (L1 and L2). The early genes mediate all stages of the replicative cycle within the host cell, while L1 and L2 are capsid proteins involved in virus entry into and exit from the host. At present, more than 200 human and 100 nonhuman types have been identified (1) . Bovine papillomavirus 1 (BPV-1) is a model organism for PV research due to its ability to transform and stably replicate as multicopy plasmids in mouse cell lines (2, 3) and the availability of antibodies specific for its gene products. Through the study of BPV-1 and other PVs, the viral replicative cycle has been characterized. In the initial stage, the genome replicates to a low level, with 1 to 10 copies, depending on the system used (4-6). Next, in the maintenance stage, the copy number is kept constant as viral DNA is replicated and partitioned in association with host chromosomes as the infected epithelial cell divides (7, 8) . Finally, in the amplification stage, the differentiation of host cells produces as-yet-uncharacterized signals that prompt PV replication to thousands of copies per cell in preparation for virus assembly and release.
Despite significant advances in the understanding of papillomavirus biology, the mechanisms that control the transition from one stage of the viral replicative cycle to the next remain poorly defined. One viral gene product of interest is the E2 protein, which plays crucial roles in transcription and replication and interacts with multiple cellular factors. E2 DNA-binding sites occur throughout the PV genome at the consensus sequence ACC(N 6 )GGT, with several sites in the viral origin of replication (ori) and at individual promoters (9) . Through binding to these sites, E2 controls PV transcription, recruits the viral DNA helicase E1 to the ori for replication initiation (10, 11) , and tethers viral DNA to mitotic chromosomes to ensure genome maintenance in dividing host cells (12) . E2 functions are mediated by the formation of complexes with cellular proteins, such as Brd4 (13) (14) (15) (16) (17) (18) , p300 (19) , Gps2/AMF1 (19, 20) , and Tax1BP1 (TXBP) (21) , as well as viral proteins, including E1, E4, E6, and E7 (10, (22) (23) (24) (25) (26) .
Posttranslational modification (PTM) of multifunctional proteins such as E2 can alter the protein's interaction with its cofactors, its localization within the cell, or its ability to be recognized by proteolytic machinery. The first reported E2 PTMs were serine (S) phosphorylation events in the hinge region of BPV-1 E2 at residues 290, 298, and 301 (27) . Serine-to-alanine mutations at these sites resulted in increased copy numbers in mouse cells (28) . Casein kinase II (CK2) was reported to phosphorylate these BPV-1 serines, leading to increased E2 degradation and decreased replication (29) . Similar sites have been found in human papillomavirus 8 (HPV-8) at S253 (30) and in HPV-16 at S243 (31) . We previously reported acetylation at lysine 111 (K111) and K112 of BPV-1 E2 and that mutation to arginine (R) at the former site inhibited viral transcription (32) .
We describe the first tyrosine (Y) phosphorylation event in a PV E2 protein. Y102 is located in the BPV-1 E2 transactivation domain (TAD) and is conserved across multiple PV types, including cervical cancer-associated high-risk HPV-16 and -31. Point mutations at this site that prevent or mimic phosphorylation have differential effects on BPV-1 E2-mediated transcription, replication, and binding to known interacting partners. We hypothesize that tyrosine kinases act on E2 to restrict its function early in the replicative cycle.
RESULTS
Identification of phosphorylated tyrosine 102. After having discovered in vitro lysine acetylation in BPV-1 E2 (32), we sought to determine whether other PTMs occurred on this protein in live cells. Two separate samples were prepared for mass spectrometric analysis. The first sample was obtained from C33a/E2 cells, derived from an HPV-negative human cervical cancer cell line but stably expressing the BPV-1 E2 gene (16) . The second sample was obtained from unaltered C33a cells transfected with a full-length BPV-1 E2 (amino acids [aa] 1 to 410) expression plasmid. The E2 protein from both samples was purified by immunoprecipitation and PAGE separation and analyzed by tandem mass spectrometry using a high-resolution LTQ Orbitrap mass spectrometer. Data analysis included PTM identification as well as confidence scores. This approach detected previously reported phosphorylations at S298 and S301 (27) as well as acetylation at K112. Phosphorylation at Y102 was of particular interest since tyrosine phosphorylation has not been reported for any E2 protein. Furthermore, this PTM was assigned the highest confidence score of any PTM in a report generated by Thermo Proteome Discoverer software, including those at the previously reported S298 and S301 sites. While not identified in all PVs, Y102 (or the equivalent Y103 to -5) occurs in 28 HPVs for which complete genomes are available, including high-risk HPV-16 and HPV-31 (Table 1) . Tyrosine residues are also observed at these positions in 44 nonhuman PVs. BPV-1 and HPV-16 E2 proteins share 80% similarity. Crystal structures of the E2 TADs from BPV-1 (Fig. 1A , dark blue) and HPV-16 (light blue) are highly conserved and depict Y102 as being located between the three alpha-helices and beta-sheet folds and oriented toward Brd4 (purple).
Transcriptional activities of mutations of BPV-1 E2 Y102. To investigate the potential functional significance of this PTM, we used site-directed mutagenesis to generate E2 Y102 mutant constructs with phenylalanine (Y102F), which cannot be phosphorylated at this site, and glutamate (Y102E), which has a negative charge similar to that of phosphotyrosine. E2 protein expression levels of both mutants in HEK293TT cells was comparable to that of the wild type (WT) (Fig. 1B) . We began activity studies with the tyrosine mutants by testing how they affected the ability of E2 to stimulate transcription. C33a cells were transfected with plasmids encoding WT BPV-1 E2 or the Y102F or Y102E mutant along with a firefly luciferase reporter (pGL2-E2BS-Luc) containing four E2-binding sites upstream of a simian virus 40 (SV40) promoter (33) . While the Y102F mutant stimulated luciferase expression at levels comparable to those of the WT (38-fold above levels of the negative control), Y102E was inactive ( Fig. 2A) . However, in some experiments, Y102E protein levels in C33a cells were lower than those of the WT and Y102F proteins (Fig. 2B ). To ensure these results were not due to insufficient expression or cell type-dependent differences, the experiments were repeated in CV-1 cells, an African green monkey kidney cell line. As in C33a cells, Y102F stimulated reporter transcription comparably to the WT (35-fold above values for the negative control), while Y102E failed to stimulate transcription (Fig. 2C) ; its luciferase readout was comparable to that of the truncated BPV-1 E2R protein (aa 162 to 410), which exhibits low levels of transcription activation (34) . In these cells, overexpression of Y102E resulted in protein levels comparable to those of the WT and Y102F proteins but did not restore transcriptional activation ( Fig. 2C and D) . To determine whether the transcriptional defect of the Y102E mutant might be due to altered cofactor binding, coimmunoprecipitation (co-IP) experiments were performed with BPV-1 E2 WT and mutant proteins and different binding partners known to enhance E2-mediated transactivation. One of these binding partners, the chromatin modulator Brd4, has been shown in previous studies to interact via its extreme C-terminal domain (CTD) (also named the C-terminal motif [CTM]) ( Fig. 3A) with E2 proteins from multiple PVs (13, 16, (35) (36) (37) . BPV-1 E2 WT and Y102 mutant proteins were expressed in HEK293TT cells along with full-length FLAG-tagged Brd4, and protein complexes were immunoprecipitated with mouse monoclonal anti-FLAG (M2)-conjugated beads. While the WT and Y102F E2 proteins coimmunoprecipitated with Brd4, Y102E did not (Fig. 3B) . This was surprising since the Brd4 CTM is known to bind to the N-terminal alpha-helices of the E2 TAD (38) , and contacts with the Y102 region have not been described previously. To ascertain whether the observed effect was due to a lack of Y102E binding to the CTM, a glutathione S-transferase (GST)-tagged CTM was substituted for full-length Brd4 in transfections, and complexes were captured on glutathione beads. Again, the same pattern appeared, with Y102E failing to associate (Fig. 3C) . It was recently reported that distinct domains in Brd4 undergo conformational changes to interact with p53 (39) and HPV E2 (40) . We tested the basic residue-enriched interaction domain (BID) for an association with BPV-1 E2 (Fig. 3A) . Notably, GST-BID pulled down BPV-1 E2 WT, Y102F, and Y102E proteins (Fig. 3D) . Thus, Y102E is unable to interact with the established E2-binding CTM of Brd4 but can bind in vitro to the BID region, which is known to be mediated by the E2 C-terminal DNA-binding domain (DBD) (40) .
To ensure that the inability of the Y102E mutant to stimulate transactivation was not due to a global disruption of the protein's structure, we examined complex formation with two other known E2-binding partners: Gps2 (also known as AMF1) and Tax1BP1. Gps2 has been found to stimulate the transcriptional activation of E2 and recruit it to form a complex with the cofactor p300 (19, 20) . Tax1BP1 stabilizes protein levels of E2 and enhances its transactivation (21) . BPV-1 E2 WT and mutant constructs were coexpressed with either hemagglutinin (HA)-tagged Gps2 or triple-FLAG (3ϫFLAG)-tagged Tax1BP1, and complexes were captured with an anti-BPV-1 E2 antibody. Both Y102F and Y102E coprecipitated HA-Gps2 and 3ϫFLAG-Tax1BP1 (Fig. 4) . The E2R form was used as a negative control for Tax1BP1 associations (Fig. 4B) .
Transient DNA replication activities of BPV-1 E2 Y102 mutations. E2 stimulates viral replication by recruiting the E1 monomer to the ori. The ability of the Y102 mutants to stimulate the transient replication of the viral ori was examined in a , and FLAG-tagged full-length Brd4 (pVL-F:hBrd4) or pCI. Immunoprecipitates were collected with anti-FLAG mouse antibody M2 conjugated to agarose beads. Samples were probed by Western blotting for FLAG-Brd4 and BPV-1 E2 using M2 and B201, respectively. E2, full-length BPV-1 E2; *, nonspecific band. (C and D) GST-tagged CTM (C) and GST-BID (D). Complexes were collected with glutathione beads. Western blots were probed for GST with rabbit polyclonal antibody SD8 and for E2 with B201. *, nonspecific band.
luciferase-based reporter assay. This method, developed by the Archambault laboratory for both BPV-1 and HPV-31 in C33a cells, requires the cotransfection of plasmids encoding E2, the homologous E1 helicase, Renilla luciferase (internal control), and firefly luciferase (target replicon) (41, 42) . The firefly luciferase gene is constitutively expressed due to the presence of a cytomegalovirus (CMV) promoter. However, since the construct contains the BPV-1 ori, changes in plasmid copy number due to replication affect the amount of luciferase produced. Interestingly, Y102F-dependent luciferase activity was significantly increased above that of the WT (Fig. 5A) . In contrast, Y102E did not generate a luminescence signal above baseline levels. Additional replication controls along with renilla luciferase levels are shown in Fig. 5B . The transfection of increased amounts of the Y102E expression vector to achieve levels comparable to or exceeding WT E2 levels in the transient-replication assays demonstrated that Y102E did not activate E1-dependent DNA replication (Fig. 5C ). This led us to examine whether the Y102 mutants are capable of binding E1. BPV-1 E1 and E2 were expressed in HEK293TT cells and immunoprecipitated with anti-E2 antibodies. While Y102F coprecipitated E1 at levels comparable to those of the WT, Y102E did not (Fig. 5D) .
E2 Y102 mutants localize to the nucleus. The full-length E2 protein contains two putative nuclear localization signals, one in a basic region of the C-terminal DBD and another within the TAD (43, 44) . Given the proximity of Y102 just amino terminally to the TAD nuclear localization site (NLS) (aa 111 to 120), we sought to determine the localization of the Y102F and Y102E proteins. Immunofluorescence experiments were performed in CV-1 cells transfected with WT BPV-1 E2, Y102F, Y102E, or E2R as well as BPV-1 E1. A3 cells, murine fibroblast cells stably carrying BPV-1 genomes at a high copy number (28) , were used as a positive control. CV-1 cells transfected with enhanced green fluorescent protein (eGFP) in place of E2 were used as a negative control. While , and hemagglutinin-tagged Gps2 (HA-Gps2) (pHA:AMF1) or pCI. Western blots were probed for HA-Gps2 and BPV-1 E2 by using mouse monoclonal anti-HA antibodies HA-7 and B201, respectively. (B) Samples were prepared as described above for panel A by using p3XFLAG-CMV-7.1 Tax1BP1. Western blots were probed with FLAG-M2 and B201.
Tyrosine Phosphorylation of BPV-1 E2
Journal of Virology the E2 distribution pattern in CV-1 cells transfected with WT E2, Y102F, and E2R was almost exclusively nuclear (similar to that in A3 cells), the distribution of Y102E was mostly nuclear, with some cytoplasmic distribution (Fig. 6) . Additionally, in the presence of E1, Y102F but not Y102E was able to form nuclear replication foci. Y102 mutant genomes are unable to maintain stable episomal replication. To test whether the phosphomimetic Y102E and phosphodefective Y102F mutants are able to maintain stable episomal replication, C127 cells were cotransfected with Y102E, Y102F, or wild-type BPV genomes along with pBabePuro plasmids, and puromycinresistant colonies were selected. Oncogenically transformed colonies were then obtained from puromycin-selected C127 cell lines by using a soft-agar assay and grown as monolayers. Previous studies demonstrated that BPV genomes carrying E1 or E2 mutations will integrate into and efficiently transform C127 cells (45, 46) . Total DNA was isolated from multiple cell lines and subjected to Southern blot analysis. As shown in Fig. 7A , Y102E or Y102F mutant genomes were unable to maintain episomes, while wild-type genomes showed stable replication. However, total PCR amplification of the long control region (LCR) was seen in all cell lines (Fig. 7B) , indicating the presence of integrated BPV genomes. Repeat experiments by using progressive passages of several different transformed cell clones, including Hirt-extracted DNA, confirmed our observations that both the Y102E and Y102F mutants were unable to maintain BPV genomes as episomes.
DISCUSSION
Here we report the identification of a novel tyrosine phosphorylation event in BPV-1 E2 and its functional characterization. Unfortunately, detection of E2 phosphorylation by mass spectroscopy is qualitative, not quantitative, so we cannot accurately calculate the fraction of E2 that is phosphorylated on Y102. This residue at position 102 is conserved in 72 of the known PV species, including several high-risk HPVs. The detection of phospho-Y102 in two separate samples from live cells, the high confidence score that this PTM received by mass spectrometry analysis, and the conservation of Y102 among diverse PVs indicate that phosphorylation at this residue is relevant for one or more functions of the protein in vivo. While Y102 is not conserved in all PV species and is not correlated with oncogenicity, it is likely that different PVs evolved other E2 phosphorylation sites that exert analogous functionality in regulating the viral replicative program.
To begin investigations of the biological significance of Y102, we generated phosphodefective phenylalanine (Y102F) and phosphomimetic glutamic acid (Y102E) forms. Although the use of glutamate as a tyrosine phosphomimetic is variably effective, there is precedent in tyrosine kinase studies where Tyr-to-Glu mutants successfully mimic the well-known effects of autophosphorylation of the enzyme (47, 48) . The BPV-1 E2 Y102F mutant retains the ability to activate transcription and stimulate E2-and E1-dependent transient BPV ori replication. Y102F binds to E1 and reproducibly demonstrated activity that was somewhat greater than that of the WT. Our interpretation is that a fraction of the WT E2 protein may be phosphorylated on Y102, thereby reducing its activity, while Y102F cannot undergo this negatively acting PTM. Indeed, the difference in replication stimulation between the WT and the Y102F mutant in Fig. 5A may reflect the size of the WT phospho-Y102 pool; with this pool being eliminated by the Y102F mutation, E2 Ϫ] ), WT E2, the Y102F or Y102E mutant, or E2R. Forty-eight hours after CV-1 cell transfection, cells were fixed and permeabilized, followed by incubation with B201. Cells were reacted with Alexa Fluor 594 anti-mouse antibody, washed, and mounted onto glass slides by using ProLong Gold with DAPI. Green, eGFP; red, BPV-1 E2; blue, DNA. Bar, 10 m. All images were taken in all three channels (green, red, and blue) at a ϫ1,000 magnification. achieves its maximal activation. From these results, we conclude that phosphorylation of this tyrosine is not required for the transcription or replication activities of E2. In contrast, the Y102E mutant was completely defective for both transcriptional activation and transient viral DNA replication. The inability of Y102E to coimmunoprecipitate the BPV-1 E1 helicase likely explains its replication deficit. This mutant also failed to coimmunoprecipitate Brd4, which would impact transcription and replication activities (15, 37, 39) . We also tested the functionality of Y102F and Y102E in the context of the viral genome. As expected due to the inability to activate transcription and stimulate replication, the Y102E genome was not maintained as a replicating episome in transformed C127 cells; transformation of these cells is dependent upon the expression of E6 and E5 (49) . While the phosphorylation-deficient Y102F mutant was able to support transient BPV ori replication, the BPV genome with this mutation was found to be integrated into transfected C217 cells. While it is possible that Y102F genomes overreplicate and achieve toxic levels in host cells, further studies are needed to dissect the pathway and/or cellular partner that accounts for the inability of E2 Y102F to establish stable episomal BPV replicons.
The transcriptional defect of the Y102E mutant is more complex to unravel. Both the Y102E and Y102F mutants coimmunoprecipitated with the E2 transcription coactivators Gps2/AMF1 and Tax1BP1, which bind to the ␤-sheet region C-terminally to Y102 (20, 21) (Fig. 1A) . The data for Gps2 and Tax1BP1 are consistent with our previous conclusion that associations with these two factors are necessary but not sufficient to stimulate E2-dependent transactivation. Unlike Y102F, Y102E was not associated with the full-length chromatin modulator Brd4 or the isolated Brd4 CTM. We believe that it is likely that the Y102E mutant disrupts the folding of the helical structures of the transactivation domain, thereby altering binding to both E1 and Brd4, which interact with opposing surfaces on these helices. These ␣-helices contain multiple residues important for E1 binding (50) and binding of transcriptional coactivators, including Brd4 (38) , Brm (33) , and TFIIB (aa 74 to 134) (51) . This interpretation is consistent with the cocrystal structure of the HPV-16 E2 TAD in complex with a 20-amino-acid Brd4 CTM peptide (RCSB Protein Data Bank [PDB] accession number 2NNU), which shows that the hydroxyl group of Y102 makes hydrogen bonds with the side chain of E74 (Fig. 1) (38) . The E1-binding surface of BPV-1 E2 spans the majority of the TAD (50, 52) and includes the small ␣-helical loop on which Y102 resides (Fig. 1A) . The Y102E mutation prohibits the binding of BPV E2 to E1, perhaps preventing a critical contact with E1 or disrupting the conformation of this loop and/or the N-terminal ␣-helices in the TAD. It is also possible that the folding of the full-length Brd4 protein juxtaposes it in the vicinity of tyrosine 102, such that the phosphorylation of this residue directly destabilizes the interaction of Brd4 with E2.
The binding of E2 to the BID of Brd4 was unexpected, as the CTM was the only domain previously known to interact with E2. The BID binds to p53 (39) and was recently shown to interact with the PV E2 DNA-binding domain (40) . In Brd4:p53 interaction studies, BID was found to undergo a conformational change induced by serine phosphorylation within a different Brd4 region termed the phosphorylationdependent interaction domain (PDID) (39) . Similarly, Brd4 uses a phosphorylation switch within the PDID to modulate binding between high-risk HPV and low-risk HPV (40) . High-risk HPVs bind to phospho-PDID, CTM, and BID regions, whereas low-risk HPVs and BPV bind only to the CTM and BID regions of Brd4. While BPV E2 could potentially bind to the Brd4 BID, this interaction is normally undetectable in vivo, as the BID is usually masked by its intramolecular contact with the phospho-PDID and is thus unavailable for interactions with BPV-1 E2 (40) .
Because the Y102E mutant failed to activate both transcription and replication and could not associate with key mediators of these processes, we infer that phosphorylation at Y102 is inhibitory. Altered subcellular localization preventing function can also be a consequence of PTMs, especially at or near an NLS. However, we did not observe phospho-Y102 mislocalization to the extent that it affected E2 function, since the Y102E mutant was predominately nuclear.
In keratinocytes, the PV replicative cycle is closely linked to the host cell life cycle, so kinase activity in these cells could be directly correlated with functional outcomes for a particular stage of viral infection. We expect that the kinase responsible for Y102 phosphorylation is most active in undifferentiated, basal keratinocytes, where viral replication and transcription occur at low levels. A study comparing the transcriptomes of keratinocytes in monolayer culture, skin, and reconstituted epidermis noted that growth factor receptors (such as the fibroblast growth factor receptors [FGFRs], c-Met, and insulin-like growth factor 1 receptor [IGF-1R]) and ephrin receptors (such as EphB2) were upregulated in skin and reconstituted epidermis (53) . Bioinformatics analyses of E2 using GPS 3.0 (54), NetPhos 2.0 (55), KinasePhos 2.0 (56), and ScanSite 3 (57) predicted kinases that potentially phosphorylate Y102, including members of the FGFR family, IGF-1R, Tyk2, and BTK, many of which are expressed in skin. However, these predictions were inconsistent among these tools. Experiments to identify the specific kinase responsible for Y102 phosphorylation and the phosphatase that presumably removes this PTM are under way.
Our data led us to hypothesize the following scenario. Y102 phosphorylation accumulates early in infection to limit replication and viral gene expression and thereby prevent a lytic infection. As host cells differentiate, we predict that a tyrosine phosphatase acts on E2 Y102, thereby releasing its transcriptional and replication activities that allow viral genome amplification to proceed.
MATERIALS AND METHODS
Cells and transfections. C33a/E2 cells from Peter Howley and Jianxin You; C127 BPV A3 cells from Michael Botchan; HEK293TT cells from John Schiller and Chris Buck; and C33a, CV-1, and ID13 cells from Douglas Lowy were cultured in Dulbecco's modified Eagle's medium (DMEM; Invitrogen) supplemented with 10% fetal bovine serum (Atlas Biologicals) and a 1% penicillin-streptomycin solution (Pen-Strep; Invitrogen). HEK293TT cells were transfected by using the calcium phosphate method. CV-1 and C33a cells were transfected by using Lipofectamine 2000 at a 2:1 Lipofectamine/DNA ratio. For transfections with Lipofectamine 2000, the DNA and transfection reagent were diluted in Opti-MEM serum-free medium (Invitrogen). The medium was replaced at ϳ16 h posttransfection for all experiments.
Plasmids and mutagenesis. Expression plasmids used include pCI, pEGFP-C1, monomeric RFP-GFP (mRFP-GFP), and pCG-E2 for full-length WT BPV-1 E2; pCG-E2R for the truncated form of BPV-1 E2; pCG-E1 for BPV-1 E1; pHA:AMF1 for HA-tagged Gps2/AMF1; and p3XFLAG-CMV-7.1 Tax1BP1 for Tax1BP1. Tyr-to-Phe (Y102F) and Tyr-to-Glu (Y102E) mutations in BPV-1 E2 were generated by using the QuikChange II site-directed mutagenesis system according to the manufacturer's instructions (Agilent Technologies). Primers used include 5=-CACAAGCTGGGACCGATTCATGTCAGAACCTAAAC-3= (forward) and 5=-GTTTAGGTTCTGACATGAATCGGTCCCAGCTTGTG-3= (reverse) for Y102F and 5=-CACAAGCTGGGAC CGAGAGATGTCAGAACCTAAACG-3= (forward) and 5=-CGTTTAGGTTCTGACATCTCTCGGTCCCAGCTTGTG-3= (reverse) for Y102E. pVL-F:hBrd4 for full-length FLAG-tagged Brd4, pGEX:hBrd4(1224-1362) for GST-CTM, and pGEX:hBrd4(524-579) for GST-BID were previously described (39) . Luciferase reporter constructs included pGL2-E2BS-Luc for transactivation assays and pFLORI-BPV1 (firefly luciferase with a long BPV-1 ori) as well as pRL (Renilla) for replication assays. The latter two plasmids were generously provided by J. Archambault, along with pCG-BPV-1 E1 Eag1235 (BPV-1 E1 with enhanced activity) for the E2 replication assays.
Sample preparations for mass spectrometry. Two separate BPV-1 E2 samples were analyzed by mass spectrometry. One sample was derived from C33a/E2 cells, a cell line generated in the Howley laboratory that stably expresses BPV-1 E2. Cells were grown on 15-cm dishes, released from plates with a 0.05% trypsin solution, pelleted, and frozen at Ϫ80°C. A total of 15 frozen pellets were thawed, lysed in urea lysis buffer (8 M urea, 100 mM Tris-HCl [pH 8], 100 mM NaCl, 0.1% NP-40), pooled, and diluted in buffer minus urea for immunoprecipitation with equal volumes of Sepharose A and G beads (Invitrogen) cross-linked with two mouse monoclonal antibodies to BPV-1 E2, B201 and B202 (B201/2 A/G beads). After 4 h of rotation at 4°C, beads were washed 5 times with Tris-buffered saline (TBS), alternating between low and high concentrations of salt (150 and 500 mM). Beads were then suspended in Laemmli SDS-PAGE sample buffer plus 5% ␤-mercaptoethanol (BME), heated at 95°C, and run on a 12.5% SDS-PAGE minigel. After staining with InstantBlue Coomassie-based solution (Expedeon), a region spanning 50 to 65 kDa was excised and divided into 4 fragments to be analyzed separately. Additional samples were derived from C33a cells transfected with pCG-E2 and cultured on 10-cm dishes. Cells were lysed at 48 h posttransfection with NP-40 lysis buffer (0.5% NP-40, 50 mM Tris-HCl [pH 8], 150 mM NaCl, 2 mM Na 3 VO 4 , 10 mM NaF, protease inhibitor cocktail [Sigma] ). B201/B202 and Sepharose A/G beads were used to immunoprecipitate E2. After low/high-salt TBS washes as described above, the beads were suspended in Laemmli buffer plus BME, heated, and loaded onto a 10% SDS-PAGE gel. After InstantBlue staining, bands spanning 45 to 50 kDa were excised.
The gel bands for mass spectrometric analysis were first reduced with 10 mM dithiothreitol (DTT) in 10 mM ammonium bicarbonate and then alkylated with 55 mM iodoacetamide (prepared freshly in 10 mM ammonium bicarbonate). Alkylated samples were digested by trypsin (Promega) overnight at 37°C. Tryptic peptides were first injected onto a C 18 trapping column (NanoAcquity ultraperformance liquid chromatography [UPLC] trap column, 180 m by 20 mm, 5 m, Symmetry C 18 ) before being injected onto an analytical column (NanoAcquity UPLC column, 100 m by 100 mm, 1.7 m, BEH130 C 18 ). Peptides were eluted with a linear gradient from 3 to 40% acetonitrile in water with 0.1% formic acid and developed over 90 min at room temperature at a flow rate of 500 nl/min, and the effluent was electrosprayed into a Thermo-Fisher Scientific LTQ Orbitrap Velos Pro mass spectrometer (Thermo-Fisher Scientific) interfaced with a Waters Acquity UPLC system. Analysis of phosphopeptides was performed by using a data-dependent neutral loss scan. Blanks were run prior to the sample run to make sure that there were no significant background signals from solvents or the columns. A database search and data analysis were performed by using Thermo-Fisher Scientific Proteome Discoverer software (v1.3).
Luciferase reporter assays. For transcriptional assays, C33a and CV-1 cells were cultured in 12-well dishes. Transfections were performed in triplicate. At 48 h posttransfection, cells were rinsed with PBS (Invitrogen) and lysed with the Steady-Glo luciferase substrate (Promega). Lysates were transferred to 96-well Opti-Plates, and luminescence was measured with the PHERAstar plate reader and software. Transient-replication assays were performed by using C33a cells on 96-well, white-walled, clear-bottom plates. At 72 h posttransfection, cells were lysed and treated with the Dual-Glo luciferase system (Promega). Firefly and Renilla luminescence was measured by using the PHERAstar system. Statistical analysis. All experiments were repeated at least 3 times. Student's t test was performed for luciferase assays comparing the function of the wild type to that of the mutant. For all experiments, data are expressed as means Ϯ standard errors of the means (SEM). P values of Յ0.05 were considered significant.
Immunoprecipitation and immunoblotting. Unless otherwise indicated, HEK293TT cells were used for immunoprecipitation and immunoblotting and were harvested for experiments at 48 h posttransfection. All cells were rinsed with cold DPBS before lysis on ice in NP-40 buffer, and lysates were cleared by centrifugation. Brd4 and E1 co-IP samples were also treated with Benzonase nuclease (Millipore) before centrifugation, while GST-Brd4 fragment co-IP samples were treated with ethidium bromide at 0.1 g/l, as previously described (39), during immunoprecipitation. For co-IP experiments, the total supernatant from each sample was used after setting aside 5 to 10% for the input; for non-IP immunoblots, volumes corresponding to equal protein levels were measured, as determined by a bicinchoninic acid (BCA) assay (Pierce Thermo Scientific). Co-IP samples were mixed with Sepharose A and G beads plus antibody, M2 affinity gel (Sigma), or glutathione beads (GE Healthcare) overnight as appropriate. Samples were washed with lysis buffer (co-IPs), run on SDS-PAGE gels, and transferred onto 0.45-m polyvinylidene difluoride (PVDF) membranes (Millipore) in semidry transfer boxes (Bio-Rad). Membranes were blocked in 5% milk, incubated overnight at 4°C with the appropriate primary antibodies, washed with phosphate-buffered saline-Tween (PBST), and incubated at room temperature with either goat anti-mouse or goat anti-rabbit light chain-specific antibodies conjugated to horseradish peroxidase (Jackson Laboratory). Signals were detected with SuperSignal West Dura ECL solution (Pierce) and Amersham ECL Prime (GE Healthcare), using the ImageQuant LAS 4000 system (GE Healthcare). All experiments were repeated at least 3 times. Primary antibodies included B201 (mouse anti-BPV-1 E2), M2 (mouse anti-FLAG; Sigma), 502-2 (rabbit anti-BPV-1 E1), HA-7 (mouse anti-HA; Sigma), and SD8 (rabbit anti-GST).
Immunofluorescence. Cells were grown on 12-well plates with 18-mm glass coverslips. At 48 h posttransfection, cells were rinsed with cold DPBS and fixed in a 4% paraformaldehyde solution. After permeabilization in antibody dilution buffer (5% normal goat serum and 0.1% Triton X-100 in DPBS), cells were incubated with dilution buffer plus B201 antibodies at 4°C overnight. Coverslips were incubated with dilution buffer plus Alexa Fluor 594 anti-mouse secondary antibody (Invitrogen) or Alexa Fluor 488 anti-rabbit secondary antibody (Invitrogen) as appropriate and mounted onto glass slides with ProLong Gold with 4=,6-diamidino-2-phenylindole (DAPI) (Invitrogen). Slides were imaged with a Zeiss fluorescence microscope using QCapture Pro 6 software.
Viral genome detection by Southern blotting and PCR. C127 cells were transfected with 5 g of mutant or wild-type BPV genomic DNA (gDNA) along with 1 g of pBabe-puro by using Lipofectamine reagent at a 1:1 DNA/reagent ratio. On the following day, cells were split and selected for 2 weeks in 1 g/ml puromycin. Puromycin-selected colonies were isolated and cultured as monolayers. To obtain transformed C127 cells, the puromycin-selected cells were diluted in 0.3% agarose-DMEM supplemented with 10% fetal bovine serum (FBS) and 1ϫ antibiotics (complete DMEM) at 2,500 cells per well and layered onto a 0.6% agarose gel (in complete DMEM) in a six-well plate. After selection for 2 weeks in agarose, large colonies were isolated and subsequently passaged as monolayer cultures in complete DMEM. Cellular total DNA was isolated from these clonal C127 cells by the phenol-chloroform-isoamyl alcohol method (58) . About 10 g of total DNA was digested with XhoI (which does not cut the BPV genome) and the single-cutter HindIII or BamHI restriction enzyme and run on a 1% agarose gel. The gel was treated with 0.1 N HCl and washed in water, and gDNA was transferred overnight with alkaline transfer buffer (0.4 N NaOH and 1 M NaCl) by capillary transfer onto a Hybond N ϩ nylon membrane. The DNA was UV cross-linked and probed by using a [ 32 P]dCTP-labeled PCR fragment of the 677-bp BPV LCR region mentioned below in 2ϫ SSC (0.3 M NaCl, 30 mM sodium citrate dehydrate, 1% SDS, 1ϫ Denhardt's solution containing 10 mg Ficoll, 10 mg polyvinylpyrrolidone, and 10 mg bovine serum albumin [BSA] ). Blots were washed with decreasing concentrations of a saline solution from 2ϫ SSC-0.1% SDS to 0.5% SSC-0.1% SDS and exposed to a PhosphorImager screen. Images were captured after 48 to 72 h by using a Typhoon 9410 scanner (GE Healthcare). Genomic Southern blot analyses of different passages of cell lines were repeated three times. Multiple cell lines were analyzed for the mutant and the wild-type genomes. To probe for viral episomes, Hirt extracts were prepared (59) , and a Southern blot procedure was carried out as described above.
Genomic DNA isolated from different cell lines that were used for Southern blotting were also subjected to PCR amplification of the LCR region. Briefly, 50 to 100 ng of gDNA (or Hirt DNA) was amplified by using primer set LCR_forward (ACACCCGGTACACATCCTGT) and LCR_reverse (CGGGAGCC AATCAAAATGCAGCATT) for GoTaq (Promega) polymerase PCR according to the manufacturer's instructions. PCR products (677 bp) were separated in a 1% agarose gel.
Software and Web resources. The BPV-1 E2 (PDB accession number 2JEU) (60) and HPV16 E2/Brd4 (PDB accession number 2NNU) (38) ribbon structures were generated by using the UCSF Chimera package. Chimera was developed by the Resource for Biocomputing, Visualization, and Informatics at the University of California, San Francisco (61). These structures are documented in the Papillomavirus Episteme (PaVE) (https://pave.niaid.nih.gov/) and the PDB. PaVE was used to derive information for Table 1. 
